Energy-neutral solar-powered street lighting with predictive and adaptive behaviour by Lau, Sei Ping et al.
Energy-Neutral Solar-Powered Street Lighting with Predictive and
Adaptive Behaviour
Sei Ping Lau, Alex S. Weddell, Geoff V. Merrett, Neil M. White
Electronics and Computer Science
University of Southampton, UK
{spl1g11, asw, gvm, nmw}@ecs.soton.ac.uk
Abstract
Street lighting can enhance the safety and security of res-
idential and commercial areas. However, its installation and
operation is expensive: cables must be installed, and power
is drawn from the grid which is typically dominated by non-
renewable sources. A potential solution is the use of solar en-
ergy to power individual street lights locally. However, with
limited energy storage and variable solar availability, exist-
ing lighting control strategies are unsuitable for this applica-
tion. This paper describes the extension of an existing grid-
powered street light management scheme, which responds to
vehicles and pedestrians by dynamically changing the bright-
ness of street lights in their vicinity, setting an optimal pat-
tern of lighting. The proposed scheme, TALiSMaN-Green,
achieves energy-neutral solar-powered operation. It main-
tains a consistent level of usefulness of street lights across a
complete overnight period, regardless of the amount of en-
ergy stored at the beginning of the night. Unlike existing
schemes, which may run out of energy during the night, it
learns the dynamics of traffic volumes and sunrise times and
budgets energy accordingly.
Categories and Subject Descriptors
C.2.4 [Computer-Commmunication Networks]: Dis-
tributed Systems-Distributed applications
Keywords
Energy prediction, energy-neutral street lighting
1 Introduction
The world’s 90 million street lights consume 106 TWh
annually, leading to the emission of 76 million tonnes of
CO2 [1]. In addition, the number of installed street lights
is expected to increase by over 300% in the coming decade
[2]. Street lighting has been shown to reduce crime and traf-
fic collisions [3, 4]; however, with approximately 40% of a
city’s municipal electricity budget spent on street lighting,
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and with continuously-rising electricity costs [5], sustaining
street light operation has become important. Efforts to re-
duce the energy demands of street lighting have focussed on
two aspects: replacement of each street light’s luminaire, and
its switching mechanism.
The replacement of end-of-life street lights with newer
and more energy efficient luminaires has delivered signif-
icant energy savings. For example, in Thailand, a 25-
30% energy saving was achieved with a new high pressure
sodium (HPS)-based luminaire [6]. Recent developments in
light-emitting diode (LED)-based luminaires have resulted in
them being used instead, as they offer a further 25% power
reduction and deliver light instantly when switched on [7, 8].
Conventionally, the switching mechanism of the street
light is realised by a pre-set clock, or an integrated light
sensor relay. Once switched on, street lights remain lit con-
tinually throughout the night. However, this mode of op-
eration incurs significant energy wastage, especially when
roads are only intermittently used and lighting at full bright-
ness is not necessary. Thus, the use of time-based dimming
approaches has been adopted by many local governments,
selectively reducing the brightness of street lights during the
early hours when low traffic volumes are expected. Oper-
ating street lights on this basis can reduce energy consump-
tion by over 20% [9]. Most recently, research into smart
electronics to control street lights has attracted much atten-
tion. Generally, this includes the use of long- and/or short-
range wireless communication networks [10], sensors [11],
and artificial intelligence [12] for the remote management
and monitoring of street light operation.
While most of these approaches have focused on im-
proving the energy-efficiency of ‘grid-powered’ street lights,
their application to ‘off-grid’ street lights (powered locally
by renewable energy) is restricted. This is because en-
ergy harvested from solar [13] or wind [14] fundamen-
tally varies due to weather conditions, whereas grid-powered
street lights have a reliable electricity supply to sustain their
daily operation. Furthermore, off-grid street lights also store
energy in batteries that have a restricted capacity, which lim-
its the amount of energy can be harvested from these sources.
Off-grid street lights are most useful in remote and isolated
places, such as rural villages and isolated islands, where ac-
cess to the grid is limited. As part of an effort to reduce elec-
tricity loads during peak hours, it has also been proposed that
these could replace grid-powered street lights [15].
Although a multi-sensor system [16] can prolong the op-
erational hours of off-grid street lights by reducing their av-
erage power consumption by 40%, it is unable to budget en-
ergy to ensure that they can continue operating across the
entire night. This means that the light may, for example,
operate normally until the middle of the night, but run out
of energy and be completely inoperable in the early morn-
ing. Schemes which save energy through arbitrarily reducing
brightness [17, 18] have neglected the associated impact on
the usefulness of street lights to pedestrians and motorists.
In our previous work [19], we demonstrated that an adap-
tive street lighting scheme, known as Traffic-Aware Street
Lighting Scheme Management Network (TALiSMaN), can
substantially improve the energy efficiency of state-of-the-art
lighting schemes while maintaining their usefulness to road
users. That scheme used sensor nodes mounted on street
lights to detect passing pedestrians and motorists. It turned
street lights on in the optimal pattern of brightness to deliver
maximum usefulness to the road users, while still conserving
substantial energy. This was an advancement over state-of-
the-art adaptive schemes, which naively set all street lights
in the vicinity of road users to maximum brightness.
In this paper, we extend TALiSMaN to address the short-
comings of existing off-grid street lights. The novelty of this
enhancement is to use an energy demand predictor to en-
sure that a limited energy budget can be used fairly across
the complete night so that the street light is just as useful
in the early morning as it was the previous evening. This
new scheme is known as TALiSMaN-Green. It is facilitated
by a machine learning algorithm and an autonomous wire-
less sensor network (WSN). The performance of the pro-
posed scheme is evaluated and compared using a linear street
light topology. Based on the simulation results, we show that
TALiSMaN-Green maintains the operation and usefulness of
a network of solar-powered street lights across a complete
night, even with a highly constrained energy budget.
2 TALiSMaN
Before detailing the proposed TALiSMaN-Green street
light control scheme, we first give a brief overview of the
functionality of TALiSMaN [19]. The aim of this scheme
is to set lighting conditions optimally to satisfy different
road users’ needs. This improves their ability to navigate, to
avoid potential obstacles, and to feel secure while they travel
around at night. TALiSMaN uses sensors to detect the pres-
ence of pedestrians and motorists, and sets the brightness of
street lights in the vicinity to deliver this optimal light dis-
tribution, as illustrated in Figure 1. The figure illustrates the
condition where a motorist or pedestrian is detected at street
light s1. For pedestrians, the brightness of street lights de-
creases as a function of distance from the pedestrian; con-
versely, for the motorist, all street lights within 100 m are
turned on at full brightness. This was defined to deliver max-
imum usefulness to road users, based on the literature.
When a street light detects a road user, it relays this infor-
mation to nearby street lights. Their brightness is adjusted
according to their approximate distance, daprox, from the first
street light. This communication is facilitated by a multi-hop
WSN. After this presence information is shared amongst the
(a)
(b)
Figure 1. Optimum lighting conditions for (a) a pedes-
trian and (b) a motorist, delivered by TALiSMaN [19].
street lights, the brightness of the respective street lights, ϕ is
progressively adjusted based on the distance from the street
light that detected the road user, and the lighting pattern that
is required.
The energy, E(M), consumed by a street light after M
discrete timesteps is given by [19]:
E(M) =
M
∑
m=0
PmaxϕT (1)
where ϕ is the brightness of the street light relative to full
power (%), Pmax is the maximum power rating of the lumi-
naires (W), and T is the duration of a single timestep m. For
example, when ϕ= 80%, the street light’s energy consump-
tion is also reduced to 80% of Pmax.
3 The Architecture of TALiSMaN-Green
The proposed TALiSMaN-Green scheme is illustrated in
Figure 2. The aim of this scheme is to deliver a consistent
usefulness of street lighting across a whole night, even if
the stored energy is less than would be required by TAL-
iSMaN. It incorporates a TALiSMaN module, which moni-
tors the presence of pedestrians and motorists and requests a
certain light brightness, ϕ, as described in previous section.
The additional functionality of TALiSMaN-Green includes a
Sunrise Time Estimation module, which estimates the time
when the light will be turned completely off, and a Predic-
tion Algorithm which predicts TALiSMaN’s overall energy
demand until sunrise. This, along with information on the
amount of energy stored, allows the requested brightness of
Figure 2. System overview of TALiSMaN-Green.
the street light, ϕ, to be modulated as necessary to conserve
energy. To enable TALiSMaN-Green to learn and then pre-
dict the energy required by TALiSMaN until sunrise, it uses
historical data on energy use. This is provided by the Energy
Use Logger, which collates data on the energy required by
TALiSMaN over a time interval, using its requested ϕ val-
ues. In short, these additional functions require:
• Prediction of energy demand until sunrise, E ′demand , to
deliver the brightness levels requested by TALiSMaN.
• Knowledge of the current time, t.
• Prediction of the time of next sunrise, t ′rise.
• Estimation of the remaining energy, Estored , in the en-
ergy storage device (e.g. battery).
The following subsections detail the proposed approach
to meet these requirements.
3.1 Energy Demand Prediction Algorithm
The system must be able to predict the expected energy
demand, E ′demand , of TALiSMaN until sunrise. Owing to the
resource-constrained nature of this energy-harvesting sys-
tem, the proposed prediction algorithm uses an Exponen-
tially Weighted Moving Average (EWMA). This algorithm
is renowned for delivering reasonable prediction accuracy
while imposing a relatively low demand for memory and
computational resources [20].
To predict E ′demand , a day is divided into N equal sized
timeslots. At each timeslot, the energy required by TALiS-
MaN for optimum lighting conditions, Econs, is recorded and
then is used to predict the energy required in future timeslots,
E ′cons. As an example, at the present timeslot n, the energy
demand prediction is shown shaded in Figure 3. To predict
the E ′demand for timeslot n+ 1 requires summation of E
′
cons
terms. E ′cons is predicted by EWMA that uses a combination
of Econs(n) and the mean energy needed at timeslot n+1 for
the past D days, µD(d,n+1). Therefore, E ′demand is given by:
E ′demand(d,n+1) =
N
∑
i=n+1
E ′cons(d, i) (2)
Figure 3. Graphical representation of energy demand
prediction (adapted from [20]).
E ′cons(d,n) = αEcons(d,n−1)+(1−α)µD(d,n) (3)
µD(d,n) =
1
D
d−D
∑
i=d−1
Econs(i,n) (4)
where α is the weight factor with value 0≤ α≤ 1.
To determine the most suitable values for α (weight fac-
tor) and D (number of past days) that give the minimum pre-
diction error, N = (288,96,72,48,24), 0 ≤ α ≤ 1, 2 ≤ D ≤
20 are investigated. For a given N, the objective is to find the
optimised value of α and D which yield the minimum predic-
tion error for a given traffic volume and street light topology.
The accuracy of EWMA in predicting E ′demand is evaluated
with mean absolute error (MAE) and is given by:
MAE =
1
N∑ |E
′
demand−Edemand | (5)
where E ′demand is the predicted energy demand and Edemand is
the actual energy consumed by a street light while providing
the optimum lighting conditions.
In order to evaluate the validity of the proposed predic-
tion algorithm, the dynamics of a linear street light topology
in a residential area have been considered. This topology
Figure 4. Graphical user interface of StreetlightSim
showing the simulation with 12 street lights, in a linear
topology together with simulated road traffic.
Figure 5. Traffic distribution ratio by time for the aver-
age weekday vehicular traffic (adopted from [22]).
consists of 12 street lights distributed across 360 m of road,
see Figure 4. The data set is generated by StreetlightSim
[21] according to the United Kingdom (UK) weekday traf-
fic pattern (see Figure 5 [22]), with an overall traffic volume
of 1347 vehicles per day. This traffic volume represents the
median ‘annual average daily traffic flow’ value for residen-
tial roads in Southampton, UK [23], and was evaluated over
a period of 20 days.
The results can be used to search for optimal values for
N, D, and α. For example, Figure 6 shows the mean absolute
error (MAE) for EWMA with D = 3 days and varying N and
α values. As shown in the figure, EWMA gives a minimum
prediction error when α = 0.8 and N = 288. This means
that the lighting scheme can begin its predictive behaviour
after collecting 3 days of historical data. However, as the
N value increases, larger α values are optimal. This implies
that the term Econs (i.e. the amount of energy used during the
previous time step) has trivial weight to overall prediction
accuracy with decreasing N values.
Figure 6. Prediction error of EWMA with D = 3 days
against increasing α and N values.
Figure 7 shows MAE values of various N and D values.
For each combination, the optimal (i.e. resulting in the low-
est MEA) value of α was selected. While α is purely param-
eter that tunes that accuracy of the EWMA, N and D both
have implications on the storage needed on the embedded
device. Thus, the selection of D and N values should con-
sider the target platform. Based on the results in Figure 7,
D = 3,N = 288 (which had a corresponding optimal value
of α) gives the lowest MEA while requiring comparatively
minimal resources. Hence, these values are used in the sim-
ulation results presented in section 4.
Figure 7. Optimised mean absolute error (MAE) of
EWMA with various N values against increasing D val-
ues for optimal α.
3.2 Sunrise Prediction Algorithm
In the previous section, E ′demand is a summation of Econs
terms. These represent the estimated street light operating
time until sunrise for a particular day. The required number
of terms is determined by the predicted next sunrise time, i.e.
the time at which street lighting is no longer needed.
The next sunrise time can be estimated using D days of
historical data. For example, Figure 8 shows a snapshot of
the estimated sunrise times t ′rise compared to actual sunrise
times trise. The t ′rise times are estimated using simple mov-
ing average (SMA) of three previously stored sunrise times.
For the purposes of this paper, ‘sunrise’ is considered to be
the time of day when solar power readings first exceed the
threshold value of 0.03 W/m2 (approximately 7.5 lux, a typ-
ical light level where street light will turn off).
Figure 8. The predicted t ′rise values using SMA compared
to actual trise values.
Based on the observations, SMA gives a reasonable es-
timation as the t ′rise values are within the civil twilight time
zone —when street lights are expected to be switched off.
Using solar data from [24], the t ′rise values exhibit a mean
absolute error of 3.5 minutes. This error is insignificant com-
pared to the overall duration of street lighting.
3.3 Modulation to the Optimum Lighting
Conditions
When the energy stored is limited, and predicted to
be insufficient to sustain the operation of the system with
the brightness levels requested by TALiSMaN, TALiSMaN-
Green modulates the lighting brightness. The optimum light-
ing conditions are modulated by the conditioning factor, the
ratio of Estored to E ′demand at timeslot n, and given by:
ϕ′(n) =
{
ϕEstored(n)E ′demand
Estored(n)< E ′demand
ϕ Estored(n)≥ E ′demand
(6)
where ϕ′ is modulated street light brightness and Estored is
the energy estimated to be stored in the energy storage de-
vice, typically the battery, at timeslot n .
4 Evaluation and Results
TALiSMaN-Green has been implemented in Streetlight-
Sim [21], with the linear topology described earlier. Along
with generation of traffic patterns, StreetlightSim also allows
the performance of the street light network to be modelled
and its overall utility to be evaluated. For ease of analysis
the energy harvested, and hence the energy stored, is ab-
stracted to a static level. These levels are 10%, 30%, 50%,
70% and 90% of the energy actually required for a period of
lighting operation. As the effectiveness of the sunrise pre-
diction algorithm has already been evaluated in section 3.2,
here we assume that street lights operate from 16:00 until
08:00 the next day, which represents one of the longest street
light operational hours during the winter months in the UK.
During the simulations, an additional 14% of pedestrian traf-
fic is also included. This value is based on data supplied by
Southampton City Council [25].
4.1 Modulation of light brightness
Figure 9 shows the conditioning factor (Estored/E ′demand)
when TALiSMaN-Green is evaluated with various available
energy levels. At the beginning of the simulations, the con-
ditioning factor is relatively consistent, but widely fluctuates
towards the end of the street light operational hours. This
trend shows that EWMA is able to predict the energy de-
mand accurately most of the time. Nevertheless, the con-
ditioning factor begins to fluctuate widely after 06.00. One
of the causes of this trend is that conditioning factor is over
Figure 9. Simulation results showing the conditioning
factor while TALiSMaN-Green is evaluated with differ-
ent available energy levels.
controlled when a nearly depleted energy storage encounters
a increasing traffic volume (see Figure 5).
4.2 Street light operational lifetime
Figure 10 shows the residual energy of the street lights
while operating TALiSMaN-Green compared to TALiSMan.
As shown, the original TALiSMaN scheme fails well before
sunrise. The advantage of TALiSMaN-Green is more signif-
icant with lower available energy, as shown in Figure 11 (b)
and (c) where street lights start with only 30% and 50% of
the energy they need to operate TALiSMaN for the complete
night.
4.3 Street light utility
The usefulness of street lighting for different road users is
measured by a street light utility model. Due to space con-
straints, readers are referred to [21] for details of this model.
The impact of modulating the optimum lighting condi-
tions on the resultant street light utility are shown in Figure
11. The street light utility experienced by road users is de-
pendent on the conditioning factor discussed in section 3.3.
The aim of TALiSMaN-Green is to deliver consistent use-
fulness across the whole night. Based on the simulation re-
sults, while TALiSMaN provides either near-perfect or zero
utility, TALiSMaN-Green achieves considerably more con-
sistent utility throughout the duration of the night. This in-
dicates that the EWMA delivers sufficiently accurate predic-
tions of E ′demand . It is worth noting that the peak utility of
TALiSMaN-Green is typically less than the peak utility de-
livered by TALiSMaN. On average, TALiSMaN-Green gives
31%, 50% and 91% average street light utility values for ini-
tial Estored values of 30%, 50% and 90% respectively.
5 Conclusions
This paper has proposed TALiSMaN-Green, an adaptive
lighting scheme for energy-harvesting street lights. It incor-
porates TALiSMaN, a lighting scheme that conserves energy
while maintaining the usefulness of grid-connected street
lights by detecting road users and dynamically setting the
brightness pattern of lights in their vicinity. TALiSMaN per-
forms relatively poor for off-grid street lights with limited
energy storage, as it can allow energy reserves to become de-
pleted before sunrise meaning that street lights will turn off
completely. TALiSMan-Green overcomes these limitations,
by using a predictive algorithm which forecasts the energy
demand of the street light over a complete night. Combined
with knowledge of the amount of energy stored at the start
of the night, and predicting sunrise times, the scheme mod-
ulates the energy demands of TALiSMaN to deliver a con-
sistent level of usefulness to the road users, across the whole
night.
The proposed scheme has been validated using Street-
lightSim, through simulation of a linear street light network,
with a typical pattern of traffic on a residential road. The sys-
tem responds to passing motorists and pedestrians by setting
nearby street lights in an appropriate pattern. Unlike TAL-
iSMaN, the brightness pattern of street lights is modulated
dependent on the energy stored and the expected activity of
the light until sunrise. In a constrained environment where
only 30% of the energy required to run TALiSMaN is avail-
able, the proposed scheme extends the operational time of
(a) (b) (c)
Figure 10. Simulation results showing remaining stored energy, Estored , using TALiSMaN and TALiSMaN-Green with
(a) 90%, (b) 50% and (c) 30% of the energy required to run TALiSMaN for a complete night.
(a) (b) (c)
Figure 11. Simulation results showing average street light utility experienced by simulated road users using TALiSMaN
and TALiSMaN-Green with (a) 90%, (b) 50% and 30% of the energy required to run TALiSMaN for a complete night.
the street light from 2 to 16 hours, and maintains the utility
between 12 to 46%, with a mean value of 31% (as opposed
to TALiSMaN where 60% of road users experienced zero
utility). This is the first adaptive lighting scheme aimed at
solar-powered street lights that sets lighting patterns based
on the usefulness to road users.
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